• Hodgkin lymphoma microenvironment T-helper cells express TH1/activation markers and lack TH2/ immunosuppression markers.
Introduction
The bulk of the cellular immune infiltrate in classical Hodgkin lymphoma (CHL) comprises CD4 1 
T cells (T-helper cells [TH]),
along with cytotoxic T cells, macrophages, nonmalignant B cells, and innate immune cells. 1 Antitumor immunity is largely T cell mediated, 2 but the mechanisms underlying the failure of this rich T-cell infiltrate to clear the malignancy are poorly understood. A cell-mediated immune response orchestrated by TH1-polarized inflammation is likely central to tumor eradication, 3, 4 perhaps partly by suppressing a competing protumoral 5 TH2-mediated response. 6 Previous studies have suggested that in CHL, the TH-cell compartment is TH2 and regulatory T cell (Treg) enriched, senescent/ exhausted, hypofunctional, and hypoproliferative, 1 providing some explanation for the failed immune response. Systemic T-cellspecific immune defects are well described in CHL, 7, 8 but the complexity and heterogeneity of TH function challenges our understanding of their specific role in the microenvironment.
Previous reports showed that the lymphoid immune infiltrate of CHL is resistant to proliferation and cytokine secretion in vitro, 9 suggesting a predominance of senescent/anergic TH cells. T cells expressing PD1 are functionally immunosuppressed through interaction with ligands PD-L1/2 10 ; however, evidence for PD1 expression in the microenvironment of CHL is limited despite substantial evidence that PD-L1 is expressed by the malignant Hodgkin Reed Sternberg (HRS) cell. 11 Although one study found PD1 expressed on CD4
1 T cells derived from CHL lymph nodes, it is based on just 3 patients, 12 and other studies have found only extremely low expression levels. [13] [14] [15] [16] There are several other well-characterized markers of senescent TH cells, including the terminally differentiated effector memory cell (T EMRA ), but no detailed investigation of memory subsets has been carried out. CD57, associated with chronic viral infection and impaired function, 17 is well known to be underexpressed in CHL. 15 In fact, there is already a limited evidence base that an activated, TH1-biased, rather than suppressed, TH2-biased infiltrate, could be a major component of the tumor microenvironment. TH1 cells are characterized by TBET expression and interleukin-2 (IL-2)/IFNg/ TNFa production, and TH2 by GATA3/CMAF expression and IL-4/ IL-13/IL-21 production.
18 TH1-associated TBET was found to be expressed to a greater extent than TH2-associated GATA3 in a small IHC study, 19 although another study 20 produced contradictory evidence, finding more TH2-associated CMAF expression than TBET. Several groups have found CHL-infiltrating lymphocytes to be cytokine secretory, capable of producing proinflammatory, TH1-biased cytokines such as IL-2, IFNg, and TNFa as well as TH2 and immunosuppressive cytokines. [21] [22] [23] [24] TH1/TH2 polarization is also suggested by chemokine receptor (CCR) profiling, with CCR3 and CCR4 preferentially expressed by TH2-polarized cells 25 and CXCR3 and CCR5 by TH1-polarized cells. 26 Although TH2-associated CCR3 and CCR4 are receptors for the CHL-associated chemokines Regulated upon Activation Normal T cell Expressed and Secreted/CCL5 (RANTES) and CCL17/thymus-and activation-regulated chemokine, respectively, 27, 28 RANTES may also bind TH1-associated CCR5, and CCR4 is also a marker of Tregs, hence limiting the interpretation of TH polarization data based solely on CCR expression. However, previous publications have shown a significant proportion of infiltrating TH cells express TH1-associated CXCR3 and CCR5. 29, 30 TH2-associated CCRs CCR3 and CCR4 were also demonstrated in the lymphoid microenvironment in these studies, but not to a greater extent than the TH1-associated CCRs. These studies incorporated small numbers of samples and were limited to isolated investigations of only cytokine, CCR, or transcription factor expression but provide an evidence base supporting an activated TH1-rich microenvironment for further investigation in larger, more extensive cohorts.
An activated TH microenvironment may itself contribute to disease pathogenesis. The HRS cell is derived from a germinal center B cell with JAK/STAT and nuclear factor-kB pathway overexpression essential to its survival. Having lost of much of its B-cell phenotype, notably surface immunoglobulin, through which prosurvival signals would normally be delivered, the HRS cell is reliant upon intrinsic genetic defects and signaling through a range of overexpressed surface molecules, including LMP1 in Epstein Barr virus (EBV)-positive cases, and members of the tumor-necrosis factor and immunoglobulin receptor superfamilies, including CD70, CD80/CD86, CD30, CD40, OX40-L/CD252, and ICOS-L/CD275 (for a review, see Kuppers
31
). The reciprocal molecules, receptor, or ligand (CD27, CD28, CD153, CD154, CD134, and CD278, respectively) are often present on CHL microenvironment immune cells 1 and all are upregulated on activated TH cells. CD27 and CD28 are expressed at high levels on unstimulated or naïve T cells, loss of expression associated with activation, and retention of CD27 expression associated with a memory cell phenotype. 32 Specific expression of these molecules by CHL-infiltrating TH cells has not previously been comprehensively investigated.
New tools in tissue microarray immunohistochemistry (TMA-IHC) and multicolor fluorescence flow cytometric immunophenotyping (flow) and the discovery of TH-defining transcription factors, cell surface molecules and cytokine secretory profiles have enabled more extensive investigation of functional subsets in the malignant microenvironment, overcoming the limitations of previous studies. We used diagnostic frozen single-cell suspensions (SCSs) for flow, cytokine-secretion, and proliferation assays and a large tissue bank of formalin-fixed, paraffin-embedded (FFPE) tissue for TMA-IHC to characterize the TH infiltrate of CHL. We found a predominance of TH1 over TH2, an absence of markers of senescence, an excess of central memory cells (CMs), and retained cytokine secretory and proliferative capacity for CHL-associated T cells, with some markers showing associations with clinical outcome. These findings challenge the established view of a TH2-enriched, senescent, hypoproliferative infiltrate, provide insight into molecular interactions between functionally active TH cells and malignant HRS cells, and offer potential diagnostic, prognostic, and pharmacologically modifiable therapeutic targets.
Methods
Ethics approval was obtained from the local regional ethics committee. All patient-derived samples were obtained with informed consent in accordance with the Declaration of Helsinki and stored under conditions compliant with the Human Tissue Act 2008.
Patient samples for frozen SCSs
SCSs derived from surplus material available after diagnostic biopsy were retrieved from nitrogen-frozen archived samples, with patient, histological, and storage characteristics detailed in Table 1 (CHL: n 5 18; reactive lymph node [RLN]: n 5 6). Details of storage/retrieval methods and selection of control samples are provided in the supplemental Methods. The median age of patients with CHL (29 years, range 16-81) and those with reactive nodes (24 years, range 18-73) was not significantly different (P 5 .713). The median duration of time for which SCSs derived from CHL were held in storage (48 months, range 11-149) was significantly longer (P 5 .024) compared with that from reactive nodes (18 months, range 5-23). However, no correlation between sample age and expression of any single marker by flow could be demonstrated (data not shown).
Flow
Flow was carried out using standard methods for fluorescence immunophenotyping and intracellular cytokine stimulation and staining, with details of fluorochrome-conjugated antibodies and reagents provided in the supplemental Material.
In vitro cell culture SCS-derived cells were cultured based on a technique developed for proliferating tumor-infiltrating lymphocytes 33 but optimized using conditions For personal use only. on April 14, 2017. by guest www.bloodjournal.org From and a cytokine combination found best to support long-term TH growth, as detailed in the supplemental Methods.
Patient samples for TMA construction and immunohistochemistry
We identified 122 adult patients of known clinical outcome diagnosed at St. Bartholomew's Hospital who had high-quality, FFPE tissue from the original diagnostic biopsy available, the characteristics of which were previously published and are summarized in Table 2. 12 Median follow-up was 16.5 years (range, 2-40 years). TMA construction and quality control, immunohistochemistry, EBV status, and automated cell counting were carried out as described in the supplemental Methods and as previously published. 34 
Statistical analysis
All pairwise comparisons were carried out using the Mann-Whitney U test. For comparisons of markers detected using flow, we determined percentage of CD3
1 CD4 1 cells expressing each marker and calculated median expression levels for CHL-derived CD3 1 CD4 1 cells (CHL-TH; n 5 18), paracortical hyperplasia-derived cells only (PH-TH, n 5 3), and all RLNderived cells comprising both PH-TH cells and follicular hyperplasiaderived TH cells (RLN-TH; n 5 6). Statistically significant differences were determined using pairwise comparisons of medians for CHL-TH vs PH-TH and CHL-TH vs RLN-TH. Full results and statistical analysis are presented in supplemental Table 1 . For TMA-IHC, median cell count per mm 2 was calculated for each marker derived from all patient samples based on the automated image analysis cell count and expression levels for each marker compared pairwise. Pairwise comparisons were also carried out based on EBV status (positive or negative) and the major histological subtypes (nodular sclerosis or mixed cellularity).
Survival outcomes were measured from date of diagnosis to occurrence of event or date of last follow-up. These were: overall survival (OS); death from any cause; disease-specific survival (DSS); death from disease or treatment; and freedom from first-line treatment failure, the event being death, first relapse, or progression on first-line therapy. Each case was classified as high or low expression based on the number of microenvironment cells/mm 2 expressing each marker. The cutpoint was generated for each marker by using the X-Tile statistical package 35 (Yale University, New Haven, CT) with the test/validation set methodology, as detailed in the supplemental Methods. Kaplan-Meier curves defined by these cutpoints were generated and statistical significance of differences arising from differential expression of each marker determined using the log-rank test. Multivariate models were built using a Cox proportional-hazards regression model (forward stepwise likelihood ratio) incorporating variables selected with a univariate P value , .05. Statistical significance for all tests was set at .05.
Results

Extended immunophenotype of SCS-derived TH cells
Expression levels and statistical comparisons of all markers measured by flow are provided in supplemental Table 1 . The relative composition of CD4, CD8, and CD20 was similar for SCS derived from CHL, PH, and all RLN (supplemental Figure 4 ).
TH1 and TH2
Because TH2 polarization is thought to contribute to the failed immune response in CHL, we first investigated TH1 and TH2 polarization in the CHL-TH. Using flow, we assessed TH1-and TH2-associated CCR expression in CHL (CHL-TH) and RLN (RLN-TH), including CCRs recognizing HRS cell-expressed chemokines CCL17/thymus-and activation-regulated chemokine and CCL5/RANTES. The median proportion of CHL-TH cells expressing the TH1-associated CCRs CXCR3 (45%) and CCR5 (22%) was significantly greater (P , .005) than expressing TH2-associated CCR3 (8%) or CCR4 (4%) ( Figure 1A-B) . Further, TH1-associated CCRs were more highly expressed in CHL-TH than in RLN-TH cells ( Figure 1C) , with similar proportions expressing TH2-associated CCRs. We used a cytokine stimulation assay to determine the functional capacity of TH cells to produce TH1-or TH2-defining cytokines. CHL-TH produced TH1 cytokines to a significantly greater (for TNFa) or comparable (for IFNg and IL-2) extent compared with RLN-TH ( Figure 1D -E) and although the TH2 cytokines IL-4 and IL-13 were detected in TH2-polarized cell lines, they were not detectable in SCS-derived TH cells from any primary source ( Figure 1F ). IL-21 ( Figure 1E ), a cytokine without clear TH subset-defining features, was expressed in a significantly greater proportion (P , .005) of CHL-TH cells (11%) compared with RLN-TH (1%).
Senescence, immunosuppression, and memory
Because HRS cells overexpress PD-L1 and interaction with its T cell-expressed ligand PD1 is thought to contribute to the failed immune response in CHL, we next sought to determine the contribution of PD1 expression to immunosuppression in CHL-TH. PD1 was detectable only at low levels in CHL-TH cells and expressed in a higher proportion of RLN-TH cells (Figure 2A ). We determined 2 other indicators of functional senescence in TH cells: the expression of CD57 and the T EMRA phenotype (CCR7-CD45RA1). CD57 was expressed in significantly fewer CHL-TH cells (4%) compared with RLN-TH (19%) (P , .050 (Figure 2A ). The T EMRA phenotype was rarely found in CHL-TH cells, whereas it was detected in up to 10% of RLN-TH cells ( Figure 2B ). In fact, the dominant memory subset of CHL-TH cells was the CM, whereas for RLN-TH cells the dominant subset was the effector memory cell (Figure 2C-D) . A similar pattern was found using the T-cell-homing selectin CD62L as a marker of central memory (not shown).
Activation, Tregs, and proliferation
We find little evidence to support a TH2-skewed phenotype or evidence of excess senescence or exhaustion in CHL-TH compared with RLN-TH cells. We instead demonstrate that CHL-TH cells express high levels of TH1 cytokines and CCRs and CM markers at comparable or greater levels than in RLN-TH cells, suggesting an activated phenotype for the CHL-TH. We therefore stained for an extended panel of activation-modulated molecules, including receptor/ ligands reciprocal for molecules expressed by the HRS cell (CD30, CD40, CD70, CD80/86, and CD134-L). These markers were all expressed by a high proportion of CHL-TH cells to a comparable or significantly greater extent than RLH-TH ( Figure 3A-B) . CD27 and CD28, both downregulated with stimulation, were expressed in a large proportion of CHL-TH cells; however, median CD27 expression levels were significantly lower than in RLN-TH. Next, we investigated the expression of TH-associated markers of regulatory T-cell function, also nonspecifically upregulated on activated T cells (FOXP3, CTLA4, CD25/IL-2Ra). There is substantial evidence of a significant infiltrate of FOXP3-expressing cells in the CHL microenvironment proposed to represent regulatory T cells. Although we and others have previously demonstrated that high levels of FOXP3 expression are associated with good prognosis in CHL, 34 there was no difference in median expression levels of FOXP3 compared with RLN-TH. We confirm that FOXP3 was expressed in CD4 1 T cells coexpressing CD25 and CTLA4 (supplemental Figure 5 ). CTLA4 was expressed at significantly greater levels (P 5 .011) in CHL-TH (50%) than in RLN-TH (20%). Given the activated, cytokine secretory, central memory-rich TH phenotype demonstrated in the previous experiments, we assessed the proliferative capacity of the TH cells. We optimized a culture system with IL-2/IL-4 supplementation to expand the TH population without antigen or mitogen. 15/18 CHL-derived SCS and 5/6 RLNderived SCSs had adequate cells remaining after immunophenotyping For personal use only. on April 14, 2017. by guest www.bloodjournal.org From for the cell culture experiment. There was no significant difference in proliferation between CHL-and RLN-derived culture systems ( Figure 3C , median doublings in CHL-and RLN-derived systems, respectively, at day 30 5 2.7 vs 3.0 and day 60 5 4.2 vs 4.8; P 5 .67). Day 30 flow confirmed all culture systems to be predominantly comprised of TH-cells with ongoing cytokine-secretory capacity ( Figure 3D ). In contrast, tonsil-derived culture systems failed to proliferate.
Validation by TMA-IHC in a large independent cohort
To corroborate our findings of TH1 predominance over TH2 and low expression levels of PD1 in situ without the histological architecture disruption and freeze-/thaw-induced changes of marker expression, we investigated a large independent cohort of FFPE patient samples. We used TMA-IHC to examine expression of TH1-associated TBET, TH2-associated CMAF/GATA3, and PD1 for 122 cases of CHL with known clinical outcome. Representative examples of cases are presented in Figure 4A . There was significant heterogeneity of expression between samples ( Figure 4B ). TBET was expressed in significantly greater numbers of microenvironment cells compared with CMAF (median 879 vs 272 cells/mm 2 , P , .0001) or GATA3 (105 cells/mm 2 , P , .0001). FOXP3 expression was previously described in this cohort, 34 but notably was expressed in a higher number of cells than any other TH subset marker, including TBET (2346 vs 879 cells/mm 2 , P , .0001). Because a TH1-biased infiltrate may be expected to induce a more robust cytotoxic T-cell infiltrate, we tested for a correlation between TBET expression and number of CD8 1 T cells by using data generated from previously published work. 34 Interestingly, we found a significant positive correlation between numbers of CD8 1 cells and numbers of Figure 6 ).
We observed strikingly little expression of PD1 in the CHL microenvironment despite high levels seen in the internal positive control of tonsil ( Figure 4A , far right and inset). There was no detectable PD1 expression in 42% of patients, and a further 40% showed expression in ,0.5% of all nucleated cells.
Clinical associations
In light of the significant heterogeneity of expression of these markers and in order to explore the potential clinical impact of a TH1-polarized, activated TH infiltrate in contrast to a PD1-expressing suppressive infiltrate, we went on to assess clinical associations. This was only possible with the large number of samples available in TMA and hence only for those markers that were stained by IHC. Univariate survival analysis revealed associations between high levels of TBET expression and superior DSS (median 5-year DSS for .1500 cells/mm 2 and between GATA3 and histological subtype, with microenvironment expression of GATA3 significantly greater in nodular sclerosis compared with mixed cellularity cases (183 vs 24 cells/mm 2 , P 5 .0028; data not shown). No other significant associations between transcription factor expression level, clinical outcome, EBV status, and histological subtype were found. Those patients having detectable PD1 expression (.15 cells/high-power field) had poorer 5-year DSS (63% vs 86%; P 5 .012), but OS (63% vs 84%, P 5 .18) was not significantly different ( Figure 4D ). Multivariate analysis incorporating only those markers expressed by the microenvironment that showed significant association with survival outcomes in univariate analysis in this and our previously published study 34 (CD20, CD68, FOXP3, TBET, and PD1) was carried out (supplemental Table 8 ).
Only high PD1 expression (P 5 .007) and low FOXP3 expression (P 5 .029) remained associated with adverse OS in this model. However, the limitations of multivariate analysis on incorporation of large numbers of variables with limited numbers of survival events are acknowledged, and hence any such analysis must be interpreted with caution. 36 In those cases investigated by flow cytometry where single cell suspensions were available, we could not find any associations between EBV status and expression levels of markers. However, with only 9 EBV negative cases and 7 EBV positive (2 unknown), the sample size may have been underpowered.
Discussion
Advances in technology and in our understanding of markers of T-cell function have enabled us to revisit the phenotype of the CHL-infiltrating TH. This study is, to our knowledge, the most detailed investigation of the CD4 1 TH in CHL using flow with corroboration in TMA-IHC. The TH1-associated CCRs CXCR3 and CCR5 were expressed in a greater proportion of CHL-TH cells than TH2-associated CCR3 and CCR4, and cytokine expression profiling indicates that the cells are TH1 polarized and proinflammatory without expression of TH2-associated cytokines. Compared with RLN-TH cells, the TH cells of the CHL microenvironment express more TH1-associated CCRs and produce TH1 cytokines to a similar or greater extent. IL-21 expression was notably restricted to CHL-TH cells. Although this cytokine has been described in TH2 cells, it has also been associated with diverse TH function, including TH1, T FH (follicular helper), TH17, memory, and enhancement of cellmediated antitumor responses. 37 There is also evidence that it is important for HRS cell survival. 38 Although previous studies have suggested that IL-13 also appears to be a growth factor for HRS cells, 39 we found no evidence of its production by CHL-TH cells, suggesting its activity only as an autocrine growth factor.
By TMA-IHC, we noted low expression of GATA3 or CMAF compared with levels of expression of TBET, where the presence of higher numbers of infiltrating cells was associated with EBV 1 status and superior survival outcome. This association has been previously reported in pediatric CHL 40 but never to our knowledge in an adult series. Associations between TBET and EBV status may be expected, with EBV infection inducing a TH1/cytotoxic T-cell response. A large gene expression profiling study of frozen whole tumor samples supports this hypothesis, 41 where EBV 1 cases showed overexpression of genes associated with TH1/cytotoxic immune response. However, TBET was not overexpressed in EBV 1 cases in this unsorted whole-tumor gene expression profile. We acknowledge that expression of TH polarization-defining transcription factors 43 and CMAF in T FH and TH17 cells. 44 This complicates the interpretation of these TMA-IHC findings in isolation. However, combining functional and flow phenotype data from the SCS work, a predominance of TBET and absence of CMAF/GATA3 is highly suggestive of a TH1-polarized immune infiltrate in CHL with a surprisingly absent TH2 response. Overall, therefore, we find little evidence that TH2 bias can explain the failure of antitumor immunity in CHL, although we acknowledge that cells expressing a particular combination of cytokines, CCRs, and polarizing transcription factors in vitro may behave differently in the complex multicellular environment in vivo.
The evidence for a TH2 bias in CHL was based largely on early immunophenotyping data, 45 which showed that the majority of tumor-infiltrating cells are CD45RO Although these results are consistent with our own immunophenotyping data, they have been previously interpreted as suggesting excess TH2-biased cells. This interpretation was in the context of a more limited understanding of CD45 isoforms. 46 It is now understood that CD45 isoform expression in T cells discriminates naive from antigen-exposed cells and proliferative from secretory/effector cells and may be an indicator of overall functional plasticity rather than TH1/TH2 polarization (for a review, see Penninger et al 47 
).
A TH1-biased infiltrate may be hypothesized to be accompanied by a more extensive cytotoxic T-cell infiltrate, and indeed we found a positive association between numbers of CD8 1 T cells and expression of TBET. However, our previous publication 34 reported no association between numbers of CD8 1 cells and clinical outcome, although perhaps unexpectedly a number of previous groups have shown an adverse impact of microenvironment expression of markers of cytotoxic T-cell function, Granzyme B, and TIA1. 20, 48 Our study used the material available to focus on markers of CD4 1 function and as such did not investigate these markers. PD-L1 overexpression by HRS cells is well described, 11,49,50 but there is a paucity of evidence for expression of its ligand PD1 in the CHL microenvironment.
13,14 and we confirm strikingly low expression levels. This suggests that PD1/PD-L1 immunosuppressive interactions cannot readily explain the failure of the immune response to eradicate tumor. PD1 appears to be important in the small minority of cases in which it is expressed and in whom it is associated with adverse prognosis, confirming a previous study. 16 Based on our previous study of the significant infiltrate of FOXP3
1 cells in CHL, we investigated expression of CTLA4, an immunosuppressive molecule overexpressed by FOXP3 1 Tregs as well as by activated effector T cells, and found it expressed to a greater extent in CHL than in RLN TH cells, although in the SCS, median FOXP3 expression was similar in CHL and RLN-TH cells. CTLA4 is also nonspecifically upregulated in activated nonregulatory T cells. We find extensive evidence for T-cell activation with overexpression of markers of central memory and upregulation of activation-induced molecules, including ligand/receptor pairs for surface molecules expressed by the HRS cell and a capacity for cytokine-induced proliferation of the TH component of CHL to a similar extent as that seen in reactive nodes.
Rosetting of the HRS cell by T cells is frequently reported in studies of the histological architecture of CHL. We found no spatial relationship between expression of TBET, GATA3, or CMAF in this study, with markers being relatively evenly distributed throughout the lymphoid microenvironment. We acknowledge that a limitation of using SCS is that no comment can be made on spatial relationships between T cells expressing activation molecules and HRS cells expressing their receptor/ligand reciprocal, and such an investigation in TMA would be an important component of future work.
Despite the heterogeneity of expression levels of markers between samples, reflecting disease heterogeneity, our data do suggest a characteristic immunophenotype of the CHL-TH cell, namely proinflammatory, cytokine-secretory, rich in CM cells, lacking TH2-associated CCR3 or IL-4/-13 and senescence markers PD1, CD57, or T EMRA , and overexpressing TH1-associated CXCR3/CCR5 and activation-induced CD153/CD30-L, CD134/OX40, CD278/ ICOS, CD152/CTLA4, CD95, and CD45RO. This appears to be a pathognomonic "activated" signature of the CHL microenvironment, perhaps suitable for diagnostic application in histologically ambiguous cases.
The evidence suggests that the malignant tumor is capable of sequestering substantial numbers of activated, functional T cells, providing one explanation for the profound systemic immune defect encountered in advanced disease. Overexpression of reciprocal receptor/ligand pairs for HRS cell-expressed molecules capable of transducing survival signals suggests a number of potentially important therapeutic targets, all of which should continue to be explored. Overall, we find little to support the hypothesis that the TH infiltrate is TH2 biased or exhausted/senescent, but rather we find evidence for an activated, proliferative, and proinflammatory cytokine-secretory phenotype.
